As an approach to the identification of essential factors required for specific expression of the adenovirus type 2 EIIaE early (EIIaE) promoter, an in vitro system was established. Under appropriate conditions, using crude extracts of non-infected HeLa cells, efficient and accurate EIIaE expression has been reproduced. As in vivo, this transcription was strongly dependent upon the integrity of two non-consensus TATA-like elements, Tl and T2, corresponding to the major (EIIaEl) and minor (EIIaE2) startsites, respectively, as well as upon intact upstream elements (A, between -40 and -50 and B, between -70 and -90) common to both overlapping promoters. The implication of specific DNA-binding proteins in the transcriptional effects mediated by these elements was demonstrated by DNAse I footprinting analyses. Both crude nuclear extracts and partially purified fractions confer specific protection against DNAse I digestion to the Tl and B promoter elements defined above, and to a far upstream region (element C, between -110 and -150), which has previously been identified as a weaker promoter element by in vivo transcriptional studies. Separation of the Tl recognition factor from those which bind to the upstream elements B and C by chromatographic fractionation of the extracts has also been achieved.
INTRODUCTION
It is well established that eukaryotic gene expression is largely regulated at the level of transcriptional initiation. Cis-acting DNA sequences, which are critical for selective and efficient transcription have been defined (for reviews, see 1-6). The involvement of specific protein factors in transcriptional control has also been documented using footprint analyses (7) and nucleoprotein electrophoretic retardation studies (8) .
An interesting system for the study of gene control is that of the adenovirus early Ella (EIIaE) transcription unit (TU). This TU is controlled by two overlapping promoters, which direct initiation of transcription from two startsites : the major, EIIaEl, at position +1, and the minor, EIIaE2, at position -26, neither one of which is preceded by a consensus TATA-box sequence (9) . Furthermore, like that of the other adenovirus early TU (Elb, ElII and EIV), transcription of the EIIaE TU is regulated by the immediate HeLa cell nuclear extracts (NE) were prepared as described (19) but the procedure was optimized for efficient in vitro transcription (20) . Whole cell extracts (WCE) were prepared as described (18) . Active transcription factors were partially purified by chromatography of the WCE on an heparinsepharose column ( In vitro transcription of the EIIaE recombinants (100 to 500 ng of supercoiled DNA per incubation) was carried out in the presence of NE (20), WCE (18) or HO.6 (21). The in vitro synthesized RNA was analysed by quantitative SI nuclease (Appligene, Strasbourg) mapping as previously described (9) and specific transcripts were quantitated by densitometric scanning of the corresponding signals on the autoradiograms. DNAse I protection.
The standard DNAse I footprinting assay (7) has been used, and modified for experiments with NE (25) and for experiments with DE fractions (23), except that the unlabelled carrier DNA present in each assay was poly dI:dC (Sigma) (50 ng per 20 ul binding reaction). The amount of DNAse I (Sigma, 1550 Kunitz units/mg protein) per assay was empirically determined to yield "balanced" digestion patterns in the presence or absence of varied concentrations of proteins corresponding to the NE, DEO.15, or DEO.25 fractions. Generally, the 5 min. digestion reaction was performed in the presence of 20 ng DNase for naked DNA, 40 to 100 ng for the DE fraction and 200 to 600 ng for the NE. Preparation of the labelled DNA templates for footprinting.
Selected LS and A recombinants were linearized by Smal (position -250 on. the EIIaE promoter) or PvuII (position +62) digestion and treated with calf intestine phosphatase. After 5' end-labelling with [r-32 P]ATP and T4 polynucleotide kinase, the DNA (-^ 5-10,000 cpm per ng) was recut with the complementary enzyme (PvuII or Smal, respectively) and the labelled EIIaE fragments were electrophoretically purified. The footprints generated on the Smal-labelled fragments correspond to the non-coding strand; those obtained on the PvuII-labelled fragments are referred to as the coding (i.e. trans-cribed) strand. The G+A sequence pattern (26) was verified for each preparation and the integrity of the fragments was systematically tested by denaturing polyacrylamide gel electrophoresis. Fragments were stored in TE buffer (50 mM Tris HC1 pH 7.9, EDTA 1 mM) at -20°C for up to 3 weeks. 
RESULTS

Comparative
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EllaEi EllaE2 Deletion of upstream region B in the A-9170 mutant severely impairs _i_ri vitro EIIaEl promoter activity, thereby indicating that the relevant upstream transcription factors are also present in the various extracts (Table 1 and Fig. 3B, lane 10) . However, the sequence requirement in region B is apparently less stringent in vitro than in vivo, as indicated by the weaker transcriptional effects of the punctual mutations in LS-9182 and LS-8576 (Table 1 and Fig 3B, lane 2, and unpublished data) . The mutant, A-9162, which contains a deletion of the EIIaEl-specific B' element in addition to the B element is transcribed in vitro with the same efficiency as A-9170 (Fig. 3B, lane 9 and 10 ), implying that element B' is dispensable for in vitro transcription. The observation that the LS-7162 mutation (which defines element B') only slightly affects EIIaEl in vitro transcription (Fig. 3B, lanes 3 and 3C, lane 2 ) supports this conclusion. In this respect, it is interesting to note that the amount of transcripts initiated at the EIIaE2 site, relative to those originating from the EIIaEl site on the WT constructs, is about 10-fold greater in the in vitro assay than in infected cells (Fig. 3A, compare lanes 1 and 2 with lane 3) . Furthermore, the relative ratio of EIIaEl versus EIIaE2 transcripts synthesized in vitro reflects more closely the pattern of viral RNA accumulated in infected cells in the presence of the protein synthesis inhibitor, cycloheximide (Fig. 3A, lane  4) . This suggests that the factor(s) involved in startsite selection is absent or inactive in the cellular extracts used in the in vitro transcription studies or in cycloheximide-treated cells.
In standard in vitro incubation conditions, upstream element A is very poorly recognized, since mutations, LS-4839, A-4829, which are deleterious to EIIaE in vivo transcription, do not dramatically alter its in vitro activity (Fig. 3B, lane 5 and 3C, lane 3 lanes 10, 12-14 to lanes 3, 5-7 in Fig. 3C and the values in parentheses in Table 1 (Fig. 4A, lanes 2-4) . NE proteins from uninfected HeLa cells protect two major regions on the non-coding strand : sequences between -82 and -68 and between -146 and -128, comprising the upstream elements B and C, respectively. A weaker protection is apparent between -105 and -88 and a slight decrease in cleavage sites between -36 and -19 corresponding to the EIIaEl-specific Tl element is reproducibly detected. An additional protected region is observed around +30, but its location near the end of the probe fragment raises doubts as to its significance. Sites hypersensitive to DNAse I cleavage are noted at positions -84 and -50.
In an attempt to improve the ONA protection patterns, and further characterize the factors involved, the crude extracts were partially purified, as previously described (see Material Fig. 4A, lane 6) . The partial protection exerted over the -82/-68 sequences suggests that the DEO.25 fraction is contaminated by some of the factors present in the DEO.15 fraction.
The footprint pattern was also examined on the coding strand of the EIIaE fragment (Fig. 4B) (Fig. 4A) .
2) Analysis of EIIaE promoter mutants confirms the specificity of these interactions.
The specificity of protein binding on the EIIaE promoter has been verified by examining the effect of mutations, within or around the protected segments, on the footprints. These analyses have been performed with the DE fractions, which give equivalent or better protection patterns than the NE. Fig. 6 and data not shown) . In contrast, the punctual mutations in the 5' border of element B (LS-9182, Fig. 7B, lanes 3 and 4, and LS-8576, data not shown) do not significantly affect the protection of this region, as expected from the nearly wild type in vitro transcriptional activities of these mutants (see Table 1 Fig. 2) . mutant compared to the WT template (compare in Fig. 7A, lanes 2 and 9) , the footprint always appears at lower protein concentrations on the WT template (data not shown).
The protection of upstream element C remains unaffected in all of the mutants described above, suggesting that there is no essential physical interaction between the factors binding to the far upstream element and those recognizing the sequences further downstream. This conclusion is supported by the analysis of the A-129/-87 deletion mutant, where the spacing between elements B and C has been altered : no footprint is generated over the Xbal linker between -129 and -87, while protection of the upstream B and C elements is unchanged (Fig. 7B, lanes 8-10) .
Hence, DNA fragments from EIIaE promoter mutants, which have reduced jji vivo and in vitro template efficiencies, show no or weakened footprints on the mutated regions. This suggests, therefore, a direct correlation between specific protein binding to promoter elements Tl and B and EIIaE transcriptional activity.
DISCUSSION
The complex promoter structure of the adenovirus EIIaE TU has been analysed by in vitro transcription and DNAse I protection studies, using crude extracts and partially purified fractions from uninfected HeLa cells. By comparing the template efficiencies of a series of linker scanning and internal deletion mutants, we demonstrate that faithful and efficient transcription is dependent upon the promoter region corresponding to the EIIaEl (Tl) and EIIaE2 (T2) TATA-like sequences, and to upstream sequences A and B. By footprinting analyses, we show that promoter elements Tl, B and C bind specific cellular factors, with the Tl factor being chromatographical ly separable from the B and C factors (see Fig. 8 ). (42) demonstrates the presence of this B factor, with the same specific ONA-binding capacity in both uninfected and Ad-infected HeLa cell extracts. It is therefore unlikely that the Ela-mediated transcriptional activation is exerted through differential binding of this factor. However, using a transient in vivo expression assay, Jalinot and Kedinger (43) and Zajchowski et al. (in preparation) have recently demonstrated that the B region is involved in the Ela-responsiveness of the Ella promoter. This suggests therefore, as previously proposed (44) , that the Ela products may act by catalysing productive interactions between the different proteins of the transcription complex, rather than by modulating their DNA-binding activity. The precise knowledge of the sequence components and the proteins implicated in the constitutive function of the EIIaE promoter and, ultimately, the purification and comparison of the transcription complexes from uninfected and Ad-infected cells, will help to clarify this question.
